[1] Clear sky downwelling longwave radiation (R ldc ) and cloudy sky downwelling longwave radiation (R ld ) formulas were tested across eleven sites in Florida. The Brunt equation, using air vapor pressure and temperature measurements, provides the best R ldc estimates with a root mean square error of less than around 12 Wm À2 across all sites. The Crawford and Duchon's cloudiness factor with Brunt equation is recommended for R ld calculations. This combined approach requires no local calibration and estimates R ld with a root mean square error of less than around 13 Wm À2 and squared correlation coefficients that typically exceed 0.9. Citation: Choi, M., J. M. Jacobs, and W. P. Kustas (2008), Assessment of clear and cloudy sky parameterizations for daily downwelling longwave radiation over different land surfaces in Florida, USA, Geophys. Res. Lett., 35, L20402,
Introduction
[2] Net radiation is a critical component of the surface energy budget [Brutsaert, 1975; Sugita and Brutsaert, 1993; Crawford and Duchon, 1999] . Enhanced estimation of net radiation using reliable downward longwave radiation (R ld ) values will contribute to a better understanding of the surface energy budget and result in improved characterization of evapotranspiration for many applications in hydrology, climatology, biology, and ecology. While R ld can be directly measured by a pyrgeometer, the instrument is rarely part of weather stations. Additionally, pyrgeometers are expensive as compared to shortwave radiation instruments and their measurements often have significant errors [Sridhar and Elliott, 2002; Duarte et al., 2006] .
[3] Lacking the required data and measurements noted above, R ld can be calculated using screen height measurements of air vapor pressure and temperature from weather stations via simple physical or empirical models [Sellers, 1965; Idso and Jackson, 1969; Brutsaert, 1975; Satterlund, 1979; Sugita and Brutsaert, 1993; Prata, 1996; Crawford and Duchon, 1999; Rizou and Nnadi, 2007] . More reliable R ld estimation can be obtained by radiative transfer models such as MODTRAN [Snell et al., 1995] . However, required input data such as vertical profiles of temperature and air vapor are not typically available [Niemela et al., 2001; Duarte et al., 2006] .
[4] Most models make empirical estimates of atmospheric emissivity (e a ) from measured air temperature and relative humidity. In contrast, the Brutsaert [1975] model and the Prata [1996] model which basically follows Brutsaert [1975] derivation using adjusted slab emissivity are based on analytical equations using radiative transfer theory [Kjaersgaard et al., 2007] . Both physical and empirical model parameters and performance are significantly affected by geographical location and local atmospheric conditions including cloud characteristics [Rizou and Nnadi, 2007] and require site specific validation and parameterization.
[5] The main objective of this study is to identify the best models with original parameters available to estimate R ld from meteorological data, resulting in reliable quantification of net radiation and evapotranspiration in Florida, United States. This study is unique compared to previous studies because: 1) it uses simultaneous measurements collected over a 2 year period at eleven experimental sites over an extensive geographical area and 2) includes both clear and cloudy sky conditions in Florida that are characteristic of humid, convective climate conditions, in the southeastern United States and other subtropical locations.
Study Region and Ground Based Data
[6] The central Florida study region has a humid, subtropical climate, with an average annual rainfall of 1500 mm [Black, 2003] . Almost 70% of the annual rainfall occurs from May to November. Average annual temperature is 32.2°C and average annual relative humidity is higher than 50% [Black, 2003] . Average annual wind speed from Florida Automated Weather Network (FAWN, http://fawn. ifas.ufl.edu/, 2002) is about 2.2 m/s [Black, 2003] . Thunderstorms usually occur in the afternoon during summer due to strong convective activity. During the study period, 2004 to 2005, the average daytime cloud cover was 32% from May to October.
[7] Data collected at eleven net radiation experiment sites (two open water, two wetland, two urban, two rangeland, one forest, and two agriculture sites) in central Florida are used in this study (Figure 1 ). Field locations and attributes are given in Table 1 . Two years of data, January 1, 2004 to December 31, 2005, were available for this analysis. The 15 minute data were averaged to provide daily average values.
[8] Each site was instrumented with a new Kipp & Zonen CNR1 four-channel radiometer composed of a pyranometer and pyrgeometer pair installed approximately 2 m above the canopy surfaces. The net radiometer measured incoming and outgoing shortwave and longwave radiation every 15 minutes. The radiometer calibration was provided by manufacturer. The sensitivity of the radiometer ranges from 10 to 35 Wm À2 and maximum error due to heating is 10 Wm À2 [Tien et al., 2008] . Systematic error of incoming longwave radiation as measured by pyrgeometer may be up to ±5 Wm À2 due to solar radiation and wind speed [Perez and Alados-Arboledas, 1999] . The radiometer data were quality checked weekly by comparing measurements within the same region. Radiometers were visually inspected and side-by-side comparisons were made with a dedicated reference radiometer bi-monthly. Radiometers were sent to Kipp & Zonen for recalibration bi-annually (personal communication G. Robinson, St. Johns River Water Management District, 2008) . Daily downward shortwave radiation data were plotted against theoretical clear sky downward solar radiation [Allen et al., 1998; Kjaersgaard et al., 2007] and with few exceptions were enveloped below the theoretical clear sky downward solar radiation.
[9] Daily temperature and relative humidity data were obtained from the nearby FAWN meteorological stations located within 10 km. Each FAWN tower measures temperature and relative humidity every 15 minutes using a Campbell Scientific CS215 probe mounted at 2 m (FAWN, 2002) . In this study, the FAO quality assurance procedures for temperature and relative humidity were applied to the FAWN data [Allen et al., 1998 ].
Methods

Clear Sky Downwelling Longwave Radiation
[10] R ld is typically estimated by first determining the clear sky radiation (R ldc ), which is then corrected for cloud cover. The general form of the R ldc equation is
where e a is the atmospheric emissivity, s is the StefanBoltzman constant [Wm À2 K À4 ], and T a is the air temperature [K] . The surface emissivity is typically estimated as a function of the air temperature and actual vapor pressure (e a ). Nornally, e a and T a are measured at screen level height around 2 m. Table 2 lists the five R ldc models with original parameters that were compared. 
Cloudy Sky Downwelling Longwave Radiation
[11] Under cloudy conditions, fractional cloud cover required to estimate R ld may be determined from visual observations. However, when fractional cloud cover measurements are not available, they can be estimated by Crawford and Duchon [1999] 
where R s is the downward solar radiation at the surface and R so is the theoretical clear sky downward solar radiation [Allen et al., 1998 ]. However, this equation can be used for only daylight hours [Duarte et al., 2006] . We identified clear sky days at the 11 sites as those days having average c values less than 0.05 [Duarte et al., 2006] . The clear sky calculations were conducted for only these days, while cloudy sky calculations were conducted using all days (Table 1) .
[12] Cloudy sky downwelling longwave radiation formulations generally have one of two basic structures [Duarte et al., 2006] .
where a, b, g, d, and z are the locally calibrated constants determined from cloud types. Seven cloudy sky correction models with original parameters were evaluated in this study (Table 3) .
Results and Discussion
Estimation for Clear Sky Downwelling Longwave Radiation
[13] The R ldc models were applied for those days having clear sky conditions as indicated by fractional cloud cover values less than 0.05. For this region, only 5 to 20% of all available days are clear sky days (Table 1) . The majority of these days were during the winter and spring. Three statistics, the root mean square error (RMSE = [(
), the ratio of the calculated mean to the observed mean (RCO), and the squared correlation coefficient (R 2 ), were used to compare calculated R ldc values to observed R ldc values (Table 4) .
[14] All the methods overestimated the measured R ldc . The Satterlund [1979] equation had the largest systematic and random errors and the highest bias as compared to the other equations. The two methods, the Brutsaert [1975] model and the Brunt [1932] model using the coefficients obtained by Sellers [1965] , performed the best. While the Brutsaert [1975] ) and RCO values closest to one (average RCO = 1.014) values (Table 4) . Of the 11 experiment sites, the Ocklawaha Prairie and Deland STP sites had more scatter as compared to the other sites. This may be due to multiple land covers surrounding the sites [Rizou and Nnadi, 2007] .
[ Brutsaert [1975] equation, the values are a 3 = 1.14 and b 3 = 0.13. These values are quite similar to Brunt's [1932] original values obtained by Sellers [1965] (0.605 and 0.048) and Brutsaert's [1975] original values (1.24 and 0.14). Interestingly when the e a units are converted from hPa to Pa, the Brutsaert [1975] a 3 value becomes 1.14 Â (1/100) 0.13 = 0.626; this pair of values, 0.626 and 0.13 is virtually identical to that obtained by Duarte et al. [2006] (whose e a is in Pa) at their Ponta Grossa, Brazil site: a 3 = 0.625 and b 3 = 0.131. [17] While these locally calibrated equations provide marginally better results as compared to original equations, the original parameterizations are recommended because they provide a consistent approach across a broader region and range of field conditions [Sugita and Brutsaert, 1993] .
Estimation for Cloudy Sky Downwelling Longwave Radiation
[18] The seven methods that account for cloud cover (Table 3) (Table 5) . With respect to bias, our results are similar to Duarte et al.'s [2006] finding that the Maykut and Church [1973] , the Sugita and Brutsaert [1993] , and the Konzelmann et al.
[1994] equations all underestimated the cloudy sky radiation. This is likely caused by differences between the ratio of the daytime cloud cover and nocturnal cloud cover between sites as well as the relative simple method used to estimate cloud cover.
[19] Overall, the Crawford and Duchon is recommended for R ld calculation in Florida. Even the worst performing method, the Sugita and Brutsaert [1993] method developed for the relatively dry mid-western region of the United States, gave reasonable results for this region.
[20] The results were fairly consistent across land uses. The open water sites had modestly higher downwelling longwave radiation as compared to the other land uses. All of the radiation models were able to capture these observed increases.
Conclusion
[21] In this study, daily R ld estimation methods were compared under clear and cloudy sky at eleven sites in Florida. The Brunt [1932] and the Brutsaert [1975] Crawford and Duchon [1999] equation for R ld . While more specific parameterization may be employed using cloud properties and profile temperature and humidity data, these recommended R ldc and R ld methods will provide reasonable estimates with relatively high accuracy and low errors under typical convective cloud conditions in Florida. 
